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ABSTRACT

Introduction:

Traumatic peripheral nerve injuries (TPNIs) are increasingly prevalent in battlefield trauma, and the functional recovery
with TPNIs depends on axonal continuity. Although the physical examination is the main tool for clinical diagnosis
with diagnostic work up, there is no diagnostic tool available to differentiate nerve injuries based on axonal continuity.
Therefore, treatment often relies on “watchful waiting,” and this leads to muscle weakness and further reduces the
chances of functional recovery. 4-aminopyridine (4-AP) is clinically used in multiple sclerosis patients for walking
performance improvement. Preliminary results in conscious mice suggested a diagnostic role of 4-AP in distinguishing
axonal continuity. In this study, we thought to evaluate the diagnostic potential of 4-AP on the axonal continuity in
unawake/sedated animals.

Materials and Methods:

Rat sciatic nerve crush and transection injuries were used in this study. Briefly, rats were anesthetized with isoflurane
and mechanically ventilated with oxygen-balanced vaporized isoflurane. Sciatic nerve and triceps surac muscles were
exposed by blunt dissection, and a stimulating electrode was placed under a sciatic nerve proximal to the crush injury.
A force transducer measured muscle tension response to electrical stimulation of sciatic nerve. Muscle response was
measured before crush, after crush, and 30 minutes after systemic 4-AP (150 pg/kg) or local (4-AP)-poly(lactide-co-
glycolide)-b-poly(ethylene glycol)-b-poly(lactide-co-glycolide) (PLGA-PEG) treatment.

Results:

We found that both crush and transection injuries in sciatic nerve completely abolished muscle response to electrical
stimulation. Single dose of systemic 4-AP and local (4-AP)-PLGA-PEG treatment with crush injury significantly restored
muscle responses to electrical stimulation after 30 minutes of administration. However, systemic 4-AP treatment had
no effect on muscle response after nerve transection. These results clearly demonstrate that 4-AP can restore nerve
conduction and produce muscle response within minutes of administration only when there is a nerve continuity, even

in the sedated animal.

Conclusions:

We conclude that 4-AP could be a promising diagnostic agent in differentiating TPNI based on axonal continuity.

INTRODUCTION

Traumatic peripheral nerve injury (TPNI) is increasingly com-
mon in combat-related extremity injuries.!"> And combat-
injury-induced neurotrauma significantly contributes to the
morbidity and mortality in military casualties.> Traumatic
peripheral nerve injury can be caused by gunshot wound,
blast trauma, crush, stretching, laceration, and acute nerve
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compression. Traumatic peripheral nerve injury occurs along
a spectrum in which some axonal continuity is maintained
to complete nerve transection.*~® The presence or absence of
axonal continuity plays a pivotal role in deciding the treat-
ment strategy for TPNI and improving functional recovery.”-3
Nerve injuries such as laceration have a complete loss of
axonal continuity while axonal continuity is retained in crush
injuries. Although the comprehensive physical examination
of motor and sensory functions induced by the affected nerve
is the mainstay for clinical diagnosis with diagnostic work
up, there is no early diagnostic tool available to differentiate
nerve injury based on axonal continuity. Advanced electro-
diagnostics and imaging studies do not provide any diagnosis
within weeks of injury and they are also impractical tools
in the battlefield setting, thus “watchful waiting” of weeks
or months increases the chances of poor functional recovery
and drastic muscle loss because of TPNL"!* On the contrary,
if the early surgical exploration of nerves was employed to
decide axonal continuity, it might result in poor functional
recovery in the case of crushed nerves. Therefore, there is an
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unmet need for a diagnostic tool which could address these
issues for early diagnosis of closed-type nerve injuries and
subsequent appropriate treatment strategies.

4-aminopyridine (4-AP) is a potent potassium chan-
nel blocker and a Food and Drug Administration-approved
generic drug for symptomatic treatment of multiple sclero-
sis.!*12 In multiple sclerosis patients, 4-AP blocks potas-
sium channels in demyelinated nerves, transiently improves
nerve conduction and walking performance. 4-aminopyridine
improves neurotransmitter release and increases the num-
ber of activated synaptic terminals, and it is also known
to enhance nerve conduction in injured and demyelinated
axons in awake/conscious mice.'3~'® We consistently demon-
strated that a single dose of systemic or transdermal 4-AP
can significantly improve walking function in conscious mice
with crushed nerve injury but not in mice with transected
nerves.'®~'® Although these findings suggest a diagnostic role
of 4-AP in identifying lesions with axonal continuity in an
awake/conscious animal, it is unknown whether this diag-
nostic criterion of 4-AP is applicable in an unawake/sedated
animal. We thought to further investigate the diagnostic prop-
erty of 4-AP in an anesthetized rat model of TPNI to mimic
the clinical scenario of an unconscious/sedated TPNI patient.

One of the disadvantages of systemic 4-AP is its narrow
therapeutic window and renal clearance.'*?* Systemic 4-AP
also causes adverse effects like tremors and seizures at higher
doses. We hypothesized that the enhanced conduction of non-
severed nerves is as a result of local effects of 4-AP at the
injury site. Therefore, we wanted to investigate whether a
local formulation of 4-AP could diagnose non-severed nerves
in continuity, as local delivery provides a more targeted
approach. Additionally, a local formulation of 4-AP is optimal
for battlefield diagnosis where multiple nerves may be injured
in traumatized limbs. Moreover, battlefield diagnosis of nerve
injury patients using an easily transportable injectable form of
4-AP would allow proper triage of patients when transporting
them to the appropriate secondary facilities for timely surgical
intervention. Therefore, we developed a locally deployable
version of 4-AP, (4-AP)-poly(lactide-co-glycolide)-b-poly
(ethyleneglycol)-b-poly(lactide-co-glycolide) (PLGA-PEG),
consisting of two Food and Drug Administration-approved,
biodegradable, and biocompatible hydrogels.

In this study, we investigated the transient stimulatory
effect of both systemic and local 4-AP in nerve stimulation-
induced muscle contraction in sedated rats in relation to nerve
continuity.

MATERIALS AND METHODS

Animals

The experimental design and animal protocols were approved
by the Institutional Animal Care and Use Committee
(IACUC) at Penn State College of Medicine, Hershey. Eight-
to ten-week old (350-400 g) male Sprague-Dawley (SD) rats
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(Charles River laboratories) were used in this study. The
rats were housed at the animal facility, and the experimental
animals were handled according to the IACUC guidelines for
the care and use of laboratory animals.

Preparation and Administration of Systemic 4-AP

4-Aminopyridine was purchased from Sigma-Aldrich, and
the stock solution was prepared in saline. Rats were given
intraperitoneal (ip) injection of soluble 4-AP at a dose of
150 pg/kg or equivalent volume of saline. Because 4-AP
is reported to cause adverse effects in humans if the serum
concentration is more than 100 ng/mL, we performed high-
performance liquid chromatography (HPLC) analysis of rat
serum samples at different time points for different 4-AP
doses (data not shown).”® We found that 4-AP at 150 ug/kg
dose produces a serum concentration that is below the toler-
able level of serum 4-AP concentration in humans and used
this dose for our study (Appendix).

Formulation and Application of (4-AP)-PLGA-PEG at
Nerve Crush Site
Poly(lactide-co-glycolide)-b-poly(ethylene  glycol)-b-poly
(lactide-co-glycolide) 1700-1500-1700 Da (lactic acid/
glycolic acid 15:1 (94% lactic acid/6% glycolic acid) was
purchased from PolySciTech (catalog # AK097). All of the
chemicals were used without further purification. Twenty per-
cent weight per volume solution was made using phosphate-
buffered saline and PLGA-PEG block copolymer. A known
amount of gelling solution was then vortexed with 4-AP (cat-
alog # 275875-56; Sigma-Aldrich) to achieve the desired
concentration. To locally administer the formulation, 75 pL
of 5 ug/ulL (4-AP)-PLGA-PEG was pipetted directly onto the
sciatic nerve crush site, and this equals a total dose of 375 pg
4-AP at the injury site.

HPLC Analysis of Serum 4-AP in Rats

Circulating level of 4-AP in rat serum sample was determined
using ABSciex 4000 Q Trap mass spectrometry (MS) coupled
with a Waters Acquity ultra performance liquid chromatogra-
phy (UPLC) separation system (UPLC/MS/MS) in the Mass
Spectrometry Core Facility in College of Medicine of Penn
State University.

Deuterium-labeled 4-AP (4-AP-d4) was used as an inter-
nal standard. The multiple reaction monitoring mode was
used to analyze and quantify 4-AP and 4-AP-d4, with the
transitions of m/z 95>78 for 4-AP and 99>82 for 4-AP-
d4. 4-aminopyridine was quantified by using a standard curve
which was constructed by plotting the ratio of the peak area
of 4-AP to the peak area 4-AP-d4 versus 4-AP concentration
(0.01-20 uM). All peaks were integrated and quantified by
ABSciex Multiquan 2.1 software.
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Muscle Response Measurement Inmediately After
Sciatic Nerve Crush/Transection Injury

Sciatic nerve innervates the triceps surae muscle and thus
sciatic nerve conduction can be measured in terms of tri-
ceps surae muscle contraction. As shown in this experimen-
tal setup, sciatic nerve was electrically stimulated proximal
to crush site, and in situ triceps surae muscle tension was
measured by a force transducer (FT10; Grass Instruments)
(Fig. 1).

Briefly, SD rats were anesthetized with 3%-4% isoflurane,
the trachea was cannulated, and the lungs were mechanically
ventilated (Harvard Apparatus) with oxygen balanced vapor-
ized 2% isoflurane. Anesthesia was maintained throughout
the experimental protocol with 1%-2% isoflurane balanced
with oxygen supplied via a nose cone. Isoflurane was cho-
sen for anesthesia because it has been reported to have the
least effect on sciatic nerve conduction function compared to
ketamine-xylazine.?! The area surrounding the site of surgi-
cal incision was shaved with a mechanical clipper. Then, the
skin was cleaned with 70% ethanol and betadine using ster-
ile gauze. Ophthalmic lubricant was applied to the eyes to
prevent corneal abrasion. Isotonic saline (0.5 - 1 mL) was
administered subcutaneously to prevent dehydration during
the procedure. A heat lamp was utilized to maintain the ani-
mal’s body temperature. Surgery was done under aseptic con-
dition using sterile drapes and instruments. The sciatic nerve
and triceps surae muscles were exposed by blunt dissection
and the calcaneal tendon was severed and linked with braided
fishing line to a force transducer. A shielded stimulating elec-
trode was placed under sciatic nerve and injury was performed
distal to a stimulating electrode. The sciatic nerve underwent
a standardized crush injury with blunt forceps (Miltex #18-
1107) and jig (instant squeeze and release) or laceration injury
with fine scissors. Sciatic nerve crush injury was done 3 mm
proximal to trifurcation. The triceps surae muscles were con-
tracted for 10 seconds at 40 Hz, 0.1 ms pulse, and a voltage
2 times above the motor threshold. The muscle response (ten-
sion/contraction) was measured before injury, after crush or

Force transducer (FT10; Grass Instruments) —

Stimulating electrode — .
Triceps surae muscles

Sciatic Nerve ——»

Calcaneal tendon

line to force
transducer

FIGURE 1. Experimental set-up for in situ muscle force measurement. Stim-
ulating electrode is placed under the sciatic nerve and triceps surae muscle
tension is measured by stimulating the sciatic nerve. Setup is equipped with
a force transducer (FT10, Grass Instruments) to measure muscle tension.
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laceration, and 30 minutes after ip injection of saline or 150
png/kg 4-AP and or local (4-AP)-PLGA-PEG treatment.

Muscle Response Measurement 3 Days After Sciatic
Nerve Crush Injury

The preparation of the rats and blunt dissection to expose the
sciatic nerve were identical as described earlier except for the
use of different forceps, the time of crush injury, and the sub-
sequent steps for day 3 experiment. Crush injury was done
using blunt forceps (Miltex #18-1107) and jig for 5 seconds.
The segment of the crushed nerve corresponds to the 2 mm
zone at the tip of the Miltex forceps. After the surgery, the
muscle was sutured together with 6-0 monofilament and skin
with 2-0 silk suture. Triple antibiotic cream was applied over
the area as prophylactic against infection. Isoflurane was dis-
continued while still under supplemental oxygen with the nose
cone until the rat awakens, and 1 mg/kg buprenorphine was
given subcutaneously for pain management.

Muscle response (tension/contraction) analysis in these
animals after 3 days of surgery was performed as described
earlier for “Muscle response measurement immediately after
sciatic nerve crush/transection injury.” Briefly, a shielded
stimulating electrode was placed under the sciatic nerve proxi-
mal to crush injury. The triceps surae muscles were contracted
for 10 seconds at 40 Hz; 0.1 ms pulse, and minimum stimu-
lating voltage (equivalent to the motor threshold). This initial
muscle tension was considered as the baseline muscle tension
on post crush injury day 3 for analysis. Rats were adminis-
tered with ip Saline (0.9%) and muscle tension was measured
after 30 minutes. The rats were then treated with ip 150 pg/kg
4-AP and muscle tension was measured 30 minutes after 4-AP
treatment. To evaluate the effect of local 4-AP, (Sal)-PLGA-
PEG was applied at the site of crush injury on the left sciatic
nerve and (4-AP)-PLGA-PEG was applied at the site of crush
injury on the right sciatic nerve.

Data Analysis

All bar graph results are presented as means + SEM. Data
were analyzed using GraphPad PRISM 7 (GraphPad Soft-
ware, San Diego, CA, USA), and statistical analysis was
performed using one-way ANOVA followed by Tukey’s post
hoc test for multiple comparisons. A P value <0.05 was con-
sidered to be statistically significant.

RESULTS

Functional recovery after traumatic nerve injury depends on
axonal continuity.””> To evaluate the effect of 4-AP in dis-
tinguishing axonal continuity in TPNI, we have used two
different nerve injuries and two distinct time points for the
study. The two different nerve injuries were nerve crush injury
where axonal continuity was retained and nerve transection
where axonal continuity was lost. Evaluation of nerve func-
tion after traumatic nerve injury in the clinical setting may be
done within weeks or months of injury. Therefore, we used
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FIGURE 2. Representative muscle tension tracings of triceps surae muscles before and after crush injury with or without systemic 4-aminopyridine (4-AP)
(150 pg/kg, ip) (A) and local 4-AP thermogel (C) treatments. Figures (B) and (D) show the muscle tension as % increase over crush after systemic and local
4-AP treatments, respectively. Bar graphs showing area under the curve (E, G) and peak muscle tension (F, H) before and after systemic or local 4-AP treatment,
respectively. Figures E and F are for systemic, and figures G and H are for local 4-AP treatments. Data are represented as mean + SEM. n = 6/group for
systemic 4-AP, n = 3/group for local 4-AP. *P <0.05, **P <0.01, ***P <(0.001 by one-way ANOVA followed by Tukey’s multiple comparisons post hoc test.
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FIGURE 3. Representative muscle tension tracings of triceps surae muscles after nerve cut injury and 4-aminopyridine (4-AP) (150 pg/kg, ip) treatment
(A) and area under the curve (B) derived from muscle tension experiments. Data are represented as mean + SEM, n = 3/group. ***P <(0.001 by one-way

ANOVA followed by Tukey’s multiple comparisons post hoc test.

two different time points, immediately after injury and 3 days
post-injury.

First, we investigated the effect of systemic (ip) and local
4-AP administrations on in situ muscle tension immediately
after TPNI. Fig. 2A and C shows that sciatic nerve crush injury
completely abolished the muscle response to electrical stim-
ulation: 2,100 g muscle tension before the injury (black line)
and no muscle tension after crush injury (red line). Both sin-
gle dose of systemic and local 4-AP treatments significantly
elicited muscle response (green lines) to electrical stimula-
tion, and it was 900 and 1,700 g, respectively (Fig. 2A, C).
Muscle response was increased by 800% and 1600% over
the crush injury by systemic and local 4-AP treatment,
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respectively (Fig. 2B, D). Similarly, AUC and peak muscle
tension were significantly increased by systemic and local
4-AP treatment respectively (Fig. 2E, F and G, H). In contrast,
systemic 4-AP had no effect on muscle tension innervated by
the transected sciatic nerve (Fig. 3A, B). This suggests that
4-AP improves nerve conduction, and thus muscle response
upon electrical stimulation occurs only when there is an
axonal continuity.

Next, we evaluated the effect of 4-AP at a later time
point of TPNI and it was on post crush injury day 3. For
these experiments, we used a stimulation voltage far less than
that used for maximum baseline contraction. This resulted
in minimal to no response to electrical stimulation and thus
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FIGURE 4. Representative muscle tension tracings of triceps surae muscles 3 days after crush injury with or without systemic 4-aminopyridine (4-AP) (150
ng/kg, ip) (A) and local 4-AP thermogel (C) treatments. Figures (B) and (D) show the muscle tension as % increase over crush after systemic and local 4-AP
treatments, respectively. Bar graphs showing area under the curve (E, G) and peak muscle tension (F, H) before and after systemic or local 4-AP treatment,
respectively. Figures E and F are for systemic, and figures G and H are for local 4-AP treatments. Data are represented as mean = SEM. n = 6/group for
systemic 4-AP, n = 3/group for local 4-AP. *P <0.05 by one-way ANOVA followed by Tukey’s multiple comparisons post hoc test.

minimal muscle tension on post injury day 3 (Fig. 4A, C).
However, single dose of systemic and local 4-AP treatments
significantly elicited muscle response (green lines) to elec-
trical stimulation, and it was 250 and 500 g, respectively
(Fig. 4A, C). Muscle response was increased by 80% and
250% over the crush injury by systemic and local 4-AP treat-
ment, respectively (Fig. 4B, D). Similarly, AUC and peak
muscle tension were significantly increased by systemic and
local 4-AP treatment, respectively (Fig. 4E, F and G, H).

DISCUSSION

The main finding of this study is that both systemic and
locally administered 4-AP can elicit in situ muscle contrac-
tion in sedated animals after sciatic nerve crush injury where
axonal continuity is maintained, and this effect is absent
with nerve transection. The diagnostic property of 4-AP was
present both immediately and 3 days after peripheral neu-
rotrauma. These findings suggest that 4-AP-induced muscle
contraction innervated by the crushed nerve in this study is
probably as a result of the local effects of 4-AP on non-severed
nerves.

The rationale for using local 4-AP in the battle field set-
ting is distinct for open injuries, and it may have tremen-
dous impact in triage of patients with transection injuries
for immediate nerve repair to the centers that perform these
highly specialized microsurgical procedures. As civilian sur-
geons ourselves, we find that hospital transfers are often the
result of ambiguity regarding nerve continuity after trauma.
The key point is that the distinction of nerve continuity
in patients with severe nerve injuries would be possible at
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times when decisions of care are made at specialized facili-
ties without waiting for the relevant data on nerve continuity
that could be too late or incorrectly guessed at the time of
injury. That’s why we need an early nerve continuity test
that could be readily deployed not only in the in the battle-
field setting and forward areas but also in our own operating
rooms first to diagnose and then to aid in electrodiagnos-
tic studies to monitor the progress of long-term nerve repair
outcomes.

Our results demonstrate that local 4-AP administration
could be used as an equally promising diagnostic tool as sys-
temic 4-AP for the nerve continuity screening in the setting of
acute neurotrauma. Local 4-AP may be an even more attrac-
tive diagnostic candidate since it enables targeted delivery to
the injury site, minimizing renal clearance of the drug and
exploiting its narrow therapeutic index. Moreover, systemic
drug administration is suboptimal for battlefield diagnosis.
A local injectable diagnostic tool could be an ideal diagnostic
in the battlefield setting, where the extent of nerve injuries is
complex, as it would enable multiple injury sites to be injected
to observe whether the specific function returns. This could
also be used in the most forward areas before transport to
secondary medical facilities.

In conscious mice, we have repeatedly demonstrated that
4-AP administered either as oral, intraperitoneal, local, or
transdermal route can distinctly differentiate a crush injury
from a denervation injury, and the findings of this study
in anesthetized rats are very consistent with our findings in
conscious mice.!0718:23 In mice, we have shown that 4-AP
treatment can improve nerve myelination, nerve conduction
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velocity, muscle atrophy, and ex vivo muscle contraction
as compared to the denervation injury. In this study, the
in situ muscle force enhancing effect of systemic and local
4-AP was present only in the crush injury group, but not in
the transection group. Thus, we were able to confirm that
both systemic and local administration of 4-AP in rodent
model of TPNI can restore muscle contraction in injuries
where axonal continuity is retained but not in injuries where
axonal continuity is absent. Furthermore, this study pro-
vides the rationale for further investigation in the setting of
peripheral neurotrauma where no diagnostic tool is currently
available. The preliminary findings of this study were pre-
sented as an abstract at 2019 Military Health System Research
Symposium.>* In the accepted abstract for 2020 Military
Health System Research Symposium, we have shown that
similar to systemic 4-AP, local (4-AP)-PLGA-PEG treatment
has no effect on muscle contraction after nerve transection
injury.?

In demyelinated axons, 4-AP inhibits voltage-gated potas-
sium channels, restores the transmembrane potential and
nerve conduction, prolongs action potential duration, and
facilitates neuromuscular and synaptic transmission.%11-13-15
Anesthesia slows or blocks nerve impulses and affects synap-
tic transmission and neuronal function, and this study was
performed in anesthetized rats to assess the nerve injury diag-
nostic property of 4-AP in unconscious or sedated state.”
Although electrophysiological studies have shown that the
synaptic transmission is more sensitive to the effects of gen-
eral anesthetics than in axonal conduction and isoflurane
inhibits 4-AP-evoked glutamate release, isoflurane (2.5%)
is reported to have marginal effect on sciatic nerve con-
duction in rats and we used 1%-2% isoflurane for muscle
tension measurements.”’~3" Of note, isoflurane (1%-2%) is
also reported to have minimal impact on the nerve conduction
velocity in mice than with ketamine/xylazine.?! Importantly,
our current findings in isoflurane-anesthetized rat model of
nerve injury are comparable with our electrophysiological
findings in ketamine/xylazine-anesthetized mice where 4-AP
treatment improved functional recovery with improved nerve
conduction velocity.'~'® Thus, it is apparent that the inter-
action of 4-AP and isoflurane, if any, is insignificant and
negligible in our studies.

CONCLUSIONS

Our findings with 4-AP have tremendous clinical implications
as a potential diagnostic tool in distinguishing axonal continu-
ity in nerves at battlefield or trauma center because a timely
assessment of an injured nerve determines the critical deci-
sion of the attending physician whether to explore and repair
or continue with watchful waiting.
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